This work is aimed at highlighting the recent progress of resorcinolformaldehyde carbon gels adsorption of water pollutants. The synthesis strategies of the carbon gels were discussed to shed some light on the development of mesoporous matrix of carbon gel via the agglomeration of colloidal particles. The surface area of adsorbent can reach as high as 3000 m 2 /g by CO 2 activation, while the surface functionalities are introduced through modification techniques for improving the removal performance. However, most of the recent studies are inclined at batch mode of adsorption with lack of information on the scale-up of the process in continuous mode. Carbon gel is a special class of porous material that can be moulded into desired size, hence a promising adsorbent candidate for monoliths and packings in column adsorption. Therefore, more dedicated works should be established to materialize the applications of carbon gel in column adsorption, particularly at industrial scale.
Introduction
The issues related to the release of pollutants into the water bodies have become a subject of considerable concern. The presence of water contaminants such as dyes, heavy metals and organic compounds brings about damaging effects not only to the aquatic ecosystem but also to human who relies on water resources for routine life. 1 Hence, the polluted effluents must be treated prior entering the streams. Amongst the available methods of water and wastewater treatment, adsorption has appeared to be the mostly applied because it is simple, economical and efficient. Adsorption is a process in which the adsorbate (contaminant) is adhered to the solid adsorbent through dipole-π interaction, π-π interaction, ion exchange, pore filling and complexation. 2 Adsorption can be operated through batch or continuous mode. For a massive volume of wastewater, the continuous mode is more practical because less space is needed for the process at minimum manufacturing cost. However, the commercially available adsorbents are generally in the powder and granular forms, making them unfit for continuous process.
Despite of large specific surface area and rich surface chemistry for satisfactory removal performance in batch mode, the column operation may suffer in escalating pressure drop as a result of hydraulic resistance if adsorbent with tiny particles is employed. 3 Consequently, the column performance decreases at undoubtedly high operating cost.
A potential solution for this problem is a packing-type adsorbent, known as carbon gel. Carbon gel is normally synthesized through polymerization of resorcinol and formaldehyde in the presence of solvent (water) and basic catalyst (sodium carbonate). 4 Also, carbon gel structurally doped with aromatic S or N can be synthesized through copolycondensation of resorcinol with heterocyclic aldehyde. 5, 6 The mesoporous matrix of carbon gel is established via the aggregation of nanometer-sized colloidal particles. The formation of gaps between the nanoparticles develops a hierarchical pore system of mainly mesopores, and some micropores and macropores. 7 Carbon gel is a porous material with large carbon density that can be moulded into desired size and customized for definitive utilizations as catalysts for chemical synthesis, adsorbents for chemical separation and environmental protection, and carbon electrodes for energy storage. [7] [8] [9] In the adsorption field, carbon gel is a promising candidate to overcome the resistance of flow and provide a short path for efficient connection between the adsorbate and solid surface in continuous system. 3 Nevertheless, the application of carbon gel as adsorbent for the removal of water pollutants especially in continuous mode is not widely available in literature. This commentary is aimed to highlight the issues revolving around synthesis strategies and adsorption properties of carbon gels, and the limitations and recommendations for future directions.
Synthesis strategies of resorcinol-formaldehyde carbon gels
In general, there are three steps during the preparation process to control the structure of carbon gel. The first step is the solution-sol transition, in which nanoscale sol particles are created automatically or catalyst mediated through hydrolysis and condensation reactions. The second step is the sol-gel transition, in which the sol particles are crosslinked and amass into wet gel with consistent network called hydrogel. 10 The final step is the drying phase that is imperative for the formation of porous gel. There are three drying methods adequate to convert the hydrogel to solid resorcinol-formaldehyde gel. The identity of resorcinolformaldehyde gel depends on the drying method. Xerogel is a dried dense polymer obtained through drying in a dormant atmosphere or conventional oven. 11, 12 In freeze-drying, the solvent within the voids is frozen and evacuated by sublimation to evade the formation of vapour-liquid interface in a polymer called cryogel. The aerogel is formed when the liquid solvent is removed by supercritical drying with CO 2 or organic solvent. 12 Aerogel normally has a high pore volume with wide texture range. Nevertheless, the pore structure giving rise to the surface area of carbon gel depends not only to the drying methods alone but also the interplay between the synthesis conditions and carbonization techniques. 13 Figure 1 shows the formation of resorcinol-formaldehyde molecule with the present of basic catalyst. Resorcinol is a trifunctional benzyl compound with two hydroxyl groups in positions 1 and 3, which allows formaldehyde to be added in positions 2, 4 and 6. The condensation reaction takes place when the hydroxymethyl derivatives loses OHgroups, forming a benzyl-type cation that reacts with other benzene rings, resulting the methylene and ether bonds to form polymeric particles. The primary particles aggregate and cross-link with each other via polymer chains, forming a three-dimensional porous network in a liquid medium. 14 Figure 1 . Reaction of resorcinol-formaldehyde. 14 Generally, the preparation process of carbon gel consists of mixing, gelation, aging, solvent exchange, drying, carbonization and activation. 8, 15 The mixing of resorcinol and formaldehyde in a solvent at an appropriate molar ratio in the presence of a basic catalyst such as sodium carbonate (Na 2 CO 3 ) is to initiate the gelation process. The gel is formed due to the crosslinking intensity between the bonds. It is a crucial step that determines the structural characteristics of carbon gel. Gelation is a pH-dependent process, that could be driven by particle nucleation in acidic condition or by addition reaction in basic condition. The solution pH in the sol-gel process is adjusted by controlling the amount of basic catalyst in water. 16 Figure 2 shows the particle growth mechanisms at different pH conditions. The resultant hydrogel is then incubated in a controlled environment for a sufficient period of time at 60°C to 80°C for curing to strengthen the bonds through particles aggregation. Next, the material is subjected to solvent exchange for extracting the residual water from the sample interiors.
After that, it is carbonized at temperatures between 300°C to 2500°C to eliminate the remaining oxides and hydrogen groups, from which the organic gel (hydrogel) is transformed into carbon gel with highly porous network. This step also enlarges the specific surface area of carbon gel by increasing the number of mesopores and micropores. As the carbonization temperature increases, the carbonization process modifies the porous structure of the gel and creates more pores in the structure by releasing volatile matters. In addition, the increment of carbonization temperature also increases the total surface area and total pore volume of the carbon gel.
However, at the temperature of 1000 °C and above the volume of pores in carbon gel decreases due to the collapse of the porous structure. 17 A further oxidation process is introduced thereafter to functionalize the carbon gel with oxygenated surface groups. The physical oxidation in air forms phenolic and carbonyl groups, while chemical oxidation with nitric acid establishes carboxylic group on the carbon surface. 18 The physical oxidation is usually held at a higher temperature than chemical oxidation, but the former does not require a washing post-treatment. 19 Figure 3 illustrates the synthesis of carbon gel. The configurations of carbon gel can be classified into pearlnecklace and fibril. Resorcinol formaldehyde carbon gel normally bears a pearl-necklace configuration of poor mechanical character due to the small contact area between particles. 16 In general, the ratio between the catalyst and solvent (water) is controlled to render a strong mechanical structure of carbon gel. At a high water content, the water molecules weaken the bonds between particles, making the hydrogel more susceptible to collapse into tiny particles, particularly at the later stage of synthesis. A strong mechanical structure of carbon gel is therefore imperative for successive cycles of separation and regeneration in continuous mode of adsorption. Table 1 summarizes the synthesis strategies and adsorptive properties of carbon gels for water pollutants removal. In general, carbon gels are highly mesoporous with surface area in the range of 300 m 2 /g to 3000 m 2 /g. The structural properties of carbon gels are enhanced through physical activation using CO 2 and steam, and chemical activation using KOH. In addition, the surface properties of carbon gels could also be improved for high adsorption affinity of water pollutants by incorporating titanium tetraisopropoxide and CeO 2 , and oxygen functional groups through HNO 3 oxidation. These physicochemical attributes endow them with excellent removal of various dyes and heavy metals, as displayed in Table 1 .
Carbon gel is a potential adsorbent for water pollutants removal because of its unique textural characteristics that can be tailored by controlling the synthesis strategies. The material can be moulded in the form of monolith and packing to suit column adsorption. 7, 9 if the transport process is rate-determining at high concentration. The concentration of solute on the surface of solid continues to increase until the solute in the solution remains in equilibrium with that at the surface. Table 2 summarizes the operating conditions of carbon gels adsorption in batch mode. In general, the concentration of adsorbate provides the driving force to overcome the resistance of mass transfer at adsorbent phase, from which the adsorption increases with increasing concentration. [21] [22] Likewise, a longer time would be needed to achieve the equilibrium as the concentration increases. [21] [22] The post-treatment using HNO 3 increases the mesoporosity of carbon gel at the expense of slight decrease in surface area. 18, 21, 23 Xiao and co-workers 21 Table 2 . Adsorption properties of carbon gels. The pseudo-second-order kinetics model has been commonly used to describe the carbon gels adsorption rate of water pollutants. The model equation is expressed as, q t = q e 2 k 2 t/(1+q e k 2 t), where q t is the adsorption capacity at time, t, q e is the adsorption at equilibrium, k 2 is the pseudosecond-order rate constant, and t is the contact time. The model indicates that the transport of adsorbate molecules is driven by the external diffusion at low concentration due to strong adsorbent-phase mass transfer resistance, and chemical adsorption through the formation of imaginary bonds due to electrostatic and dispersive forces interactions at high concentration. 12, 24 In general, a high concentration subsides the solid-phase mass transfer resistance for more adsorbate-adsorbent interactions and adsorption. Yet, the vacant active sites progressively decrease with time, hence decreasing the rate of adsorption. The rate constant generally decreases with increasing concentration because of the intensified collision of dye molecules. 21 On the other hand, a greater rate constant with increasing concentration is attributed to a stronger driving force to overcome mass transfer resistance. 22 According to Arrhenius theory, a weak activation energy endows a high rate constant that is associated with a rapid adsorption due to less repulsion of molecules and mutual interactions between the adsorbate and adsorbent surface characteristics. 22, 24 To date, the continuous mode of adsorption using carbon gel for water pollutants removal is still limited in much of published literature. In a related work, Wu and co-workers 25 
Concluding remark and future outlook
Resorcinol-formaldehyde carbon gel is a promising class of adsorbent for water pollutants removal. The inherent mesoporous matrix of carbon gel endows the hierarchical pathways to accommodate adsorbate molecules for effective adsorption process. Also, the adsorptive properties can be improved through activation and surface modification strategies.
However, the earlier works are mainly emphasized on batch mode of adsorption without proper insights into continuous mode of adsorption. In addition, the adsorption performance of carbon gels in some studies is not satisfactory due to very long contact time necessary to achieve equilibrium.
The continuous adsorption is a non-equilibrium mass transfer process that is dynamic in nature until the bed saturation limit is attained. The adsorption 
